There are a large number of physics programs one can explore in electron-nucleus collisions at a future electron-ion collider. Collision geometry is very important in these studies, while the measurement for an event-by-event geometric control is rarely discussed in the prior deep inelastic scattering experiments off a nucleus. This paper seeks to provide some detailed studies on the potential of tagging collision geometries through forward neutron multiplicity measurements with a zero degree calorimeter. This type of geometry handle, if achieved, can be extremely beneficial in constraining nuclear effects for the electron-nucleus program at an electron-ion collider.
Introduction
Electron-nucleus (e+A) collisions at an electronion collider (EIC) provide an excellent tool for studies to understand the nuclear structure in quantum chromodynamics (QCD) with its wide kinematic reach and the ability to accelerate a large variety of nuclear beams [1] . A wide range of nuclear effects can be investigated with the EIC facility. For instance, the parton distributions, especially for gluons at small momentum fraction x, are assumed to be largely modified by the nuclear environment and are still unconstrained. Due to the overlap of the gluon cloud from different nucleons, the gluon saturation effects may arise and are thought to be amplified with a nuclear target.
At an EIC, with the precise control of Q 2 and x possible by measuring the scattered electrons, this nuclear enhanced saturation effect can be systematically pinned down with measurements such as the longitudinal strucutre function F L [2] and dihadron correlations [3] . Other than gluon saturation in the initial state, the nuclear medium will introduce a modification to the final state color neutralization and hadronization. The multiplicity ratio measurement R h A can be used to examine the time development of hadronization [4] .
All these effects are expected to have a strong dependence on the underlying collision geometries with respect to the nuclear environment. Gluon saturation is closely related to the impact parameter through the thickness of nuclear medium.
Changes to the hadronization also correlate with the path length of fast-moving color charges in the cold nuclear medium. However, there has been little discussion about the characterization of collision geometry in individual nuclear deep inelastic scattering (DIS) collisions up to now.
In order to characterize the geometry of collisions in proton-nucleus or nucleus-nucleus collisions, quantities like the number of binary collisions N coll , the number of nucleons participating in binary interactions N part and impact parameter have been extensively studied with produced particle multiplicities near central rapidity [5] . This method has been widely used in the determination of geometries for numerous measurements at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) [6, 7, 8] . Unfortunately, in nuclear DIS studies at the moment, geometric dependence can only be studied with the variation of nuclear target atomic number A, after averaging over the geometric effect for that given nuclear type.
In this work, we detail a description of the determination of collision geometry for e+A using the neutrons emitted at forward rapidities by target remnant evaporation process. A similar technique has been used for correcting auto-bias correlations in centrality determination of d+Au and p+Pb collisions at RHIC and the LHC [9, 10] . We expound the design of an e+A collision geometry measurement based on simulations from the DP-MJET Monte Carlo (MC) generator [11] . Possible applications of this measurement have been explored. This type of geometry control, if applied to the observables in e+A program, not only provides an additional handle on nuclear effects but also simplifies the procedure of estimating systematic errors. Compared to the method of scanning multiple nuclear types, one only has to deal with the same systematic uncertainties in one nuclear type instead of worrying about several systematic uncertainties from different nuclear beams.
The remainder of the paper is organized as follows: in the Sec. 2, we introduce the relevant quantities utilized to describe the collision geom- In the end, we summarize our methods in Sec. 5.
Characterization method of collision geometry
It has been argued that soft neutron production in lepton-nucleus collisions is a sensitive probe of final-state interactions in the nuclear environment [12, 13] . To our current understanding, such neutrons are produced in the thermal emission stage of the residual nucleus left after interactions 2 between the fast probe and target. In the first approximation, the soft neutron production is proportional to the number of nucleons removed in the DIS interaction and the subsequent secondary interactions between the particles generated in DIS process and the rest of the nucleons. In the following discussions, it is preferable to use the target rest frame with the virtual photon defining the longitudinal direction.
Conventionally, the procedure of an electron scattering from nucleus can be described by the following steps. With the electromagnetic exchange, the incoming electron emits a photon, which couples with the nucleus target. Depending on kinematics, the photon projectile then goes through one or multiple collisions with partons from the nucleons sitting in the photon's path, which can be interpreted in various frameworks [14] . Here, we define the length of the projected straight trajectory of the incoming virtual photon through the nucleus, starting from the involved nucleon parameter b.
For large nuclei, a Woods-Saxon distribution is often used to describe the initial nuclear density [15] :
in which R 0 corresponds to the typical nuclear radius ρ 0 is the nucleon density in the center of the nucleus and a gives the skin depth.
The hadronic fragments generated from photonnucleon collisions may cause sequential secondary interactions that knock out additional nucleons not involved in the DIS interactions. This process is usually named as the "intranuclear cascade" process [16] .
After all the formed final-state particles leave the nucleus remnant, due to momentum conservation, a recoil momentum will lead the residual nu-3 cleus to an equilibrium state characterized by its mass, charge and excitation energy. At the end of the reaction chain, the excited nucleus will break up into stable final products, with the emission probability described by the nuclear evaporation model [17] .
In the statistical evaporation model, the number of neutron emissions strongly depends on the excitation energy, which comes from the number of nucleons removed from the nuclear remnant, dictated by the successive primary and secondary interactions in the cascade process [18] . One may find the connection between the collision geometry and the evaporated neutron number distribution through the traveling length d defined above.
The larger d is, the more nucleons are expected to be involved in the sequential collisions and removed from the nuclear remnant, and the more neutrons can be emitted during the evaporation.
Given such a connection, one may propose that if the emitted neutron numbers can be measured, we would have a handle to effectively constrain the underlying collision geometries, which is missing for a long time in the nuclear DIS studies where the averaged geometry over the whole nucleus has typically been used. The number of neutrons emitted in the nuclear break up process will be labeled as N n , illustrated in where ρ(R) follows the Woods-Saxon distribution.
For the simulation of a gold nucleus, we have R 0 = 1.12A 1/3 = 6.52 fm and skin depth a = 0.545 fm [19] .
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The final states in DPMJET are simulated by three stages in a chain. Firstly, the primary DIS interactions are simulated by PHOJET [20] . Only primary DIS interactions can generate particles with a hard momentum transfer. Then, particles produced at the primary interaction become the source to trigger the intranuclear cascade process.
A formation zone concept has been introduced to this cascade process. In the target rest frame of the DIS interaction, a formation time τ is needed before newly created particles can re-interact with the spectator nucleons [18] :
with τ 0 being a free formation length parameter.
E, m and p ⊥ are the energy, mass and transverse momentum for the created particles respectively.
For each hadron, a formation time is sampled from an exponential distribution with an average value as given above. The lower the hadron energy is, the higher is the probability for that hadron to form inside the nucleus. The kinematics of the secondary interactions occurring in the cascade are treated by HADRIN [21] . Since the nuclear remnant undergoes equilibration before breakup, evaporative particles should follow a thermal distribution. Details of the evaporation process are handled by FLUKA [22] with the input of remnant charge, mass and excitation energy and no memory from the prior stages.
It should be noticed that this formation zone intranuclear cascade model is only one way to describe the effect of final-state interactions in the nuclear environment. Many other models have more sophisticated considerations with the prehadron stage or parton energy loss incorporated.
Phenomenological studies have been done by adjusting the prehadron formation time and the final physical hadron formation time to obtain the best description to the experimental data [23] .
Other QCD-inspired models, which are focused on the struck quark energy loss, calculate the modifications to the fragmentation function through gluon bremsstrahlung in a nuclear medium [24, 25] . No hadron re-interaction is included in this type of model, as the produced hadron is assumed to always form outside the nucleus. In this work, we are mainly interested in the correlation between the underlying geometry and the neutron emission during evaporation. Although they are bridged through this final state interaction in the nucleus, the exact details are not very important to our study. However, more well-developed models, with better descriptions to the final state interaction, can be added to our discussions in the future.
Multiple scatterings have been implemented via the Gribov-Glauber realization [26] 3. Collision geometry categorization
Geometry constraint with forward neutrons
In the following discussions, we will use an event sample generated from DPMJET for e+Au at 10 GeV × 100 GeV with 1 GeV used as a handle of the collision geometry. However, since it is impossible to directly measure the number of neutrons, we will use the energy deposition in a ZDC to extract the neutron number information. In the following discussions, an energy resolution σ/E = (85/ √ E + 9.1)% from
Ref. [29] has been used as the ZDC responses for neutron energy. The resolution of the traveling length is dominated by its intrinsic correlation with the number of emitted neutrons during the evaporation process. The assumed ZDC energy resolution, which is used in the current RHIC heavy ion experiments, is sufficient for our study. method to constrain the underlying geometries. rated neutrons can be fully accepted by the experimental device and contamination from other process is under control.
Possible constraint on the most central collisions with a double cut method
The features of particle yield at different stages of the nuclear response are particle-type-dependent.
As for the neutrons, they are mostly generated in the evaporation process from the "cooling" of a large excited nucleus. As shown in Fig. 9 , the ZDC accepted neutrons are mostly evaporated neutrons. By measuring the most forward neutral energy deposition in the ZDC we can extract the statistical emission for that event in a very clean way.
With the intranuclear cascade process, additional particles like pions will be generated in the reaction chain between the fast moving particles and the rest of the nucleons. As the p T kick from this type of reaction is very small, charged pions generated in this process will move to the more forward direction compared to those pions from primary interactions.
With the knowledge of the underlying traveling length for the collision geometry, it is possible to define the most central collision by selecting events with the largest neutron production, in which the incoming photon probes the densest area of the target. The forward proton track number from break up and the charged particle (mostly pions) yield in forward rapidities are also sensitive to the collision geometries. We will see how much we can gain as a constraint on most central collisions if we put an additional cut on these quantities together with that on the for- 
Applications of collision geometry constraint at an EIC
As both initial and final state effects in e+A collisions are highly dependent on nuclear geometry, applying this nuclear geometry handle to our measurements in e+A program at an EIC will allow us to learn more about the nuclear medium effect. For instance, the selection of very central collisions maximizes the probed gluon density in the initial state which delivers more sensitivity to the expected saturation effect. F L and dihadron correlation measurements are two important observables sensitive to this geometry constraint. We would see stronger saturation effects in the most central collisions compared to periph-eral e+A events with the change of gluon densities. This collision geometry also provides an additional dimension to the study of final state effects. The time space feature of this fragmentation process can be directly confronted with the nuclear medium geometry through which one can explore the hadronization process in a more precise way.
Energy loss measurement in the cold nuclear medium
It has been argued that the multiplicity ratio measurement R h A from HERMES suggests that the space-time development of the hadronization process in the nuclear medium can be studied with the semi-inclusive deep-inelastic scattering process off nuclei [30, 31, 32] . Depending on the kinematics variable, the hadron formation may take place inside the nucleus, or outside the nucleus. In general it is assumed that the struck quark forms its full hadron identity with an average formation
The multiplicity ratio R h A is a frequently studied quantity which effectively describes the nuclear medium energy loss effect. It is defined as follows:
where N h is the semi-inclusive production of hadrons in a given kinematics bin and N l is the yield of leptons in the same ν, Q 2 bin. This ratio is defined for the hadrons production per deep-inelastic scattering event on a nuclear target with mass A to that of the lightest isoscalar nuclear target deuterium.
With a handle to constrain the traveling length in the collision geometry, it is possible to explore the interplay between color object neutralization and the nuclear environment geometry. If it is possible to control the traveling length d of the struck quark, one has an additional dimension in this measurement which changes the measure-
Instead of varying the different nuclear types, the hadron formation length can be directly confronted with a traveling length d; if d > l h it is generally formed inside the nucleus and the hadron yield will be suppressed while for d < l h the medium modification is supposed to be small. With the bin selection of collision geometry, we have extracted the d distribution from these bins as input to an energy loss model [24] . Thereby, strong nuclear medium dependence is expected in the multiplicity ratio measurement, shown in Fig. 11 .
Dihadron correlation measurements to probe gluon saturation
In the small x limit, gluon density in the nucleon becomes so large that a phenomena named saturation may emerge. It is suggested in this scenario that, when the probe resolution Q 2 is less than the saturation scale Q Hermes data points [31] are shown in the plot with black dots.
cording to the collision geometry, stronger saturation is expected for the most central collisions.
If this type of physics exists, evaporated neutron number can be used as an additional handle, together with the kinematics control, for studying the saturation effect.
Dihadron correlations in e+A are a way to investigate the saturation effect. By selecting the trigger associate particle pairs with certain p T , one can explore the underlying jet properties and the interplay with the saturation scale Q s . The correlation function is constructed as follows:
With a scaling model, the saturation scale can be parameterized as Q could be an indication of saturation.
Summary
We have presented detailed studies on the determination of collision geometry in e+A collisions. Utilizing the DPMJET3 MC generator, we have found a correlation between the traveling 
